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LONG LIFETIME HOLLOW CATHODES FOR 30-CM MERCURY JON THRUSTERS

Michaol J, dirtieh and William R, Kerslake
Nattennl Aeronaulics and Spinee Administration
Loewis Rescarch Center
Clevelard, Ohio 44185

Absiruot

An experbental Investigation of hollow eathodes
for 30-cim g bombardment thruslers was cmrried out.
Both nuin and peutralizer cathode eonlgirations were
testod witk boih volled foil inserls eonted with low work
funciion materil and impregpated porots lungsten in-
serts,  Temperature measuremen(s of @ impregnated
Inserl wd various positions in the eathode wore made.
Fhese, along wilh the oathede thermal profile are pre-
sented, A theary e rofled fofl and impremated Insert
speriation and lletime i hollow cathades is developed,
Several endupanee tests, as long og 16 000 hours uf
emission eurrents of up to 12 nmps were attained with
no degradation in performance.

Introduetion

In previous parametric in\-asttgnt[ons{l"s) of hollow

eathodes for 30-¢m Hg thrusters it was found that the
proper choice of cothode materinls and Up orifice di-
mensions were necessary to asgure mininmum tip eresion
and integrity of the cathode. It was also shown experi-
mentally that a parameter that most strongly alfected
cathode Hfetime®™ ¥ was the low work function material
used io hoth Initiale and sustain o cathode discharge,
Adequate lifetims of the eathode depended heavily on
maintaining the emdssive mix at low enough tempera-
tures so as nol to be dispensed too quickly during cath-
ode vperatlon, Esperimental and theoretical work hits
continued on hollow cathodes to find i desirable low
worlk Nmchan material, proper thermal envirvonment for
the low work funetion container, and/or & dispénser to
provide propér release of emissive mix to assure long
lifetime,

Presented in this paper arve the results of testing
hollow cathoties for use as both main and nentealizer
cathodes in 30-cm thrasters. The cathodes were tested
in bell jars, where the insert material and its position
relative Lo the cathode tip were varled, Neutralizwrs
and main eathodes were run at emission levels of
2 amps and between 7 and 12 amps, respectively. The
eathode keeper and collector voltages were. monitored,
along with temperature messurements recorded at the
cathode tip and behind the cathode tip heater, Test data
are presented for (1) a 10 000-hour test of 2 main cath-
ode .ith a rolled [oil recessed Insert, (2) an ongoing
18 000-hour test of o -main cathode with an impregnated
insert, and (3) 0 neutralizer cathode test of 15 000 hours,
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The second ball ol the paper presents o heoretiond
estimale of lilctimes ol both rolled loil Inserts and fin-
pregnatad porous tungsien inseris, A thoory for porous
tungslen inserl vperation in hollow enlhodes s deviloped,
The theory Incorporates reporied evuporalion rates of
aetive mate” Inl from the porous tungsien ingert and the
influgnee ol (he nsert, skee, temperature, and eathode
orflice dimensicns on eathode design,  The medel devel-
oned is used Lo predict eathode Ui _time and perlormance
a2 4 fupetion ol operating conditions,

Apparatus and Procedure

Hollow Cnfhodes nnd mserls

Figure 1 shows a skeleh of a lypical ealhote conlig-
uration used in these studics, The hollow cathodes were
made of &, 35- min dinmeter tanfilum tubing with a wall
thiclmesza of 0, 38 mm and hid a 1, 22-1mnm thick 2 pervent
thorimied tungsten disk eleotron beam welded to the tube,
A straight-through &, 40 mim orifiee wits used {or u neu-
tralizer cuthode and the orifices of the main cathode
ware 0,76 mm ir Yameter with & 45° chamfer, All the
muain ciathodes were [abricated and assembled by Hughes
Research Laboratories,

Table I sumnmarizes the vidous cathode configura-
tions tested, Two types of radiation fins (used to reduce
iip operating temperatures) werce used on the main cath-
odes, One type had 4 Ta fin 1, 75 em in diameter that
was eloctron beam welded lo the eathode ns shown in
figure 1, 'The other type of radiation fin had attached to
it & 0.8-cm long collar, to extend the radiating arca,
Figure 1 shows thiz collared [in that wos used on cath-
odes 2 and &, The eathade Inserts were of two types,
coated rolled Ta foil and impregnited porous tungsten.
Rolled fofl inserts used in cathodes woere made of 0.012-
mm thiek tantalum fofl 15-cm long and 1, 27-em wide,
rolled into n coil, nnd dipped three times into an smis-
sive mix. A flow passape of about 1, S-mm dismeter
exigted along fhe center of the ingert, The emissive
mix {R-500) was o barium ¢arbonate and strontium car-
bonale mixtura containing a nitrocellulose binder and
suspended in 8 mixture of organic solvents, Commer-

elally available (Semicon type 84-F', porous “ungsten

{nserts were used, The inserts weze impresmated with
4 low work function material, Furium ealeium aluminate,
Tie impragnated inserts wers hollow cylinders 2, $4-cm
long, with a 8, 3-mm sutside dizmeter and an inside di-
ameter that varied from 2, 54 to 3, 82 mm,




Tip heaters were elther tungsten wire enenpsulated
in [une speayed mgo;} o1 lunbalum wire enclosed [n ton-
tafum tubing (swaged healers),  Hadintion shiclding mode
of #, 015~ mym thick Lantalum foil was wreapped avound the
tip heaters, An apen loop wire keeper wilh o hole
6, 23 mm in dinmeler was gpeed 1,5 mm from the eath-
To simutlate (e hrogter andde a %, §-om diameler
o disk was placed 1,8 em [rom the keeper.  Flow rates
were measured using preedsion bove glass enplllary How
tubes snd time averaped Booid merceury flow rates were
sipained lor ghovt periods of Lime,

ode,

Vacum Fucflities

Cathodes 1, 2, 4, and § were vun in i, G-m dinmoter
Bell javs,  Anofl diffuston pump. using o Digquid nitrogen
itfie, kept the bell jar pressure In the low 1075 1orr
rattge,  dMereury lrom the hollow eathodes was condensed
on g Heouid nitroges cold tenp,  Cothodes 3, 6, and 5
fwhiel was remavad from a bell jar at 500 hy were run
In ports allached to the 7, 5-m dinmeter by 22-m long
Gteility (ank 83 In the electrie propulsion laboratory at
Lewls Researeh Cenler,

Experimeitial Results and Diseussion

Orifice Erosion

It was ghown in Rel, 3 that lor given operating con-
ditions the proper cholee of cathode orilice dimension
was necessary lo minimize tip erosion and insure long
it was further shown in Refs, 1 and 3
that the use of n 0, T6-mm orifice wilh o 45° chamfer
eliminated tip crosion for emission currents up to
1% amps., Thus, this orifive was used for all the main
enthodes which operated al emission currents of 10 amps
or more, No noliceable change in orifice dimension was
vihserved in the eathedes For runs cven as long as 18 000
apurs, This is shown in the pholomierograph of figure 2
taken of cathode 2 Tan at 32 amps emission for 10 600
hours. The tp orifies is still 0,76 mm in diameter,

cithode lifetime,

For the neutralizer (calhode 4 Tun for 15 000 hours
there was a slight increase in ovifice size. Figure 3
shows the Inerease in orvifice dimension as a function of
time for cathode 4, which was run at 2 amps emigsion
current and 590 mA keeper current. An elastic mold
impresston was taken of the orifice at 8600 hours and a
pholomicrograph at 15 090 hours, There was o lnear
Increass in orifice size increasing [rom 0, 40 initially to
¢, 48 mm ol 15 000 hours. This change in orifice dimen-
sion of the neutralizer cathode, as will be shown later,
did not affect its performanee in o bell jar,

Cathodes and Low Work Function Inserts

As pointed out by Ref, 5 the mechanisms which con-

trol the operation ol hollew eathodes are not well known,
Relerence ¢ operated eathodes without low «ork lunction
material ond found such couthodes bt starting wha very
high Tow regulvements, L was further shown by many
c:q)crinwnlers”' . 6.1) that high voltages, hiph temper-
sturaes, and hiph ereury flows aceurred during steady
state spot mode opercaion with no low work Tunelion mo-
teviul present,  These eonditbone can lead to short cath-
ade lifelime, BOTY gy cxmiple, Roef, 7 found that Lip
erosfon rates ol B~cmn wutraiizers operating with no in-
gerls or emissive misture inerewsaed by twe orders of
nutpnitude,

The availability of low work functien m terial In the
cathode Is necessary 1o o¥aln sutisinetory eathode por-
formunee, A sulllclent supply of low work Tunction mnie-
rial is necessary Lo initinle and sustain a cothede dis-
chavpe at low keeper vollagos, 3.7 Referenes & showed
thit o low eathade keeper vollage is an Impoitant parame
elar in achicving effleient thruster operation,  With
[txed discharge voltnge In o thruster a low cathode keeper
voltage Inereases the avaflable encrpy in the discharge
for propellant lonfzation, and henee, leads Lo incrensed
propetlant utflfzation,

Reference 5 also showed thal the amount of low work
funey'on amlerial js not as Important 1o eathode relinbil-
ity and lfelime as its loratfon In the cathode, Placeing
emissive mix (R-500) on ro'led foil inserts and recessing
the nsorts [rom e eathode tip allowed the low work
function materizl to run at a coul location in the eathode
el did Ineresse Hlotims, However. assoctatorl with o
recessed ngert is an fneresse in keeper vollage., &
which as mentioned, degriades thruster perloravinee,
Thus, tests were conducted on 1 varlety of insert desipns,
inzerl pesitions, and enthode conltgurations to reduce the
perfarmmee penalty associated with recessed inserds,
and still maintain long lifetimes,

Rolled Foil inserts

Relfevence 3 reported a test of & 0, 76-mm straight-
through orifice cathode with o 1, 27-cm inscrt, recessed
1.9 em from the tip which van from 3880 hours at
15 amps emission with no noticenble change In perforn-
ance, However, hecsuse of the vecessed insevt position,
an wieceptable keeper voltage for 30 em thruster oper-
ntfon was experienced, Thus two tesis were run concur-
rently with identical inserts, lecated 0. 95 em [rom the
tip {hali the recessed distence of the Rel, 3 3880-hr
cathode), but placed in eathode configurations that were
not thermally identical, Cathods 1 had no radiation fin
to ool the lp, while cathode 2, had a vadintion fin, with
a collar to extend the radialing area {sce g, 1),

Cothode 1 wag run in u bell jar with a collector
current of 12 amps, a keeper current of 300 ma, und




an eguivaient g low of 170 maA {see Table I, T'wo
tnermovouples were used to montfor temperature, one
at the enthode tip and vie bebind the flame spraged
hemter (1,8 em from the tipy.  The Up thermocouple be-
mme inoperative after 900 hours,  To initiate a dis-
charge, only 84 wilts of tip power wag needed Lo obtain
i tip temperature of 1552 C, a temperature that wis
tvpically required,

Alter the discharge wis established the tip heater
wits turned off, und the keepor and collector vollapes
and Uiermocouple readings were recorded as o funetion
of time {(fg. -,

Ag was typieal of other R- 500 voated rolied fofl in-
serts, the vaiues of keeper and eollector voltage in-

creased, after o eathbode hid been run fov Whoul 20 hours,

'i‘his was [nterpreted lo mean thal uring preheat and
fnitial stactup un exeess of low work funclion muterial
wad velonsed, From figure 4 it con he scen that the Up
temperature durlng operation was 1450% € and the tem-
perature behind the tip heater 10807 ¢, (These temper-
ature volues are also shown in Table 7I,) After

700 hovrs the keeper nnd colleetor voltnges bugan to
rise, indieating depletion of low work lunetion maieriai
has already begun,  In addition, alter nine restuarts and
1360 hours, cathode 1 would not velight and the test was
terminated,

~iuthode 2 was of the same conflpuration (insert,
position, thermocouple locations, radintion shielding,
ete, ) excepl it had o radiation fin with a collar, Be-
eause of the collar-radiation fin o total of 50 watts of
tip power was required to injtinle a discharge (tp tem-
perature = 1055° C), Subzequent restarts required less
power, G0 walts, beeduse the tip temperature neecded to
inftiate n discharge was lower (9200 ).

The total test time of this cathode wus 10 600 hours
The plots of keeper and collector volinge, as g [unction
of time are shown in figure 5. The cathode was ve-
stavted 30 tHmes at random Intervals, The life of this
cathode can be divided into four regions. In region 1
ifivst 6500 iy the collector and keeper currents were
kept at 12 amps (spot moede) and 300 mA, respectively,
with an equivitdent Hg flow of 170 mA, In this fime per-
iod the keeper voltage rose from 8.5 fo 10 volts ot
200 hours aiwd remained st 10 volis until 840¢ hours,
The cathode Lip temperature vemained sl an gverage of
925° C and the thermocouple on the cathode 1.9 em
from the tip remained at 525° €. in this time perlod
{4400 h1) the cathode relighted easily 19 times at the
gume Lip temperniure and there were no changes In
keeper voltage, indicating that the low work functlon
nuiterial (insert) was encased in 2 cool cathode reglon.
The tip heater resistance was moni}ored pariodically
during the teste and the cold vesistone tus measured

with o Whoealstone bridpe} {0, 8C ohan did not change
during thig fivst 6400 hours. A 6417 hours (reglon )
there was a [neflily failure nnd o thin Blm of ofl wos
spread all over the bell Jur and the eathode Hsell. The
tin heater hot resistanee nfler the bell Jar [nllure was
lower,  Also the power needed to gel the Up tempera-
ture up Lo 920° ¢ inerensed to 85 walls ndieating n
chiinpe in the optieal radiation ..operties of the enthode
and! eathode Lip {higher smitlence),  The cuthode re
Hghled, but at g 4p temperatare of 10807 ©, and the
keeper and colleetor volluges Inerensed 1o 12 and

17 volts, respoctively. A eorrvesponding rise in tip and
eathode {emperature adeompunied the voltege inereases,
This inerease in temperature was probably due to 2
combination ui o laek of sulficient low work function
material or o polsoning by the oil, A relight al 81060
hours reduced the vollages and temperatuve, Bebween
£300 and 9000 hours, a series of bell jur failures fsiml-
lur lo the one at G100 Wy further changed the eharacter-
isties of the eathode, This §s congidered region 3, The
flame sprayed heater lead broke off at $000 hours and a
new heater lead placed o the header failed to improve
the heater. A pulsed start D wae necessnry Lo relipht
the eathode at 9000 hours, From 9000 hours until the
test was termingled at 10 600 hours, the cathode wiis
run at 10 amps emission current (Instead of the prior
12 amps) Lo mateh the emission eurrent in the operating
40 ¢m engincering model thrusters, At 10 600 hours
the cathode was removed Lo replace the tip heater, and
In the process of placing a new tip heater on the cathade
the cathode Hself hroke nto {wo pleces,

Shown in figure 6 are the temperalure levels of
eathodes 1 and 2 as a [upction of emission current,
This dota was laken with no tip heater power iind hefore
any degradation in performunee level, Adding a radia-
tion (in lowers the temperature levels at the tp and be-
hird the tip heater at all emission current levels, In
addition the tamperature levels are less sensitive to
emission current for the cathode design with o radiation
fin, This feature is desirable, for 30-¢m Hg thrusters
are required to operate st throttiod curvent condilions,
and as will be shown later, i is desirable to oper te
cathodes within a iimited temperature range. Also, as
was poted by the shortesza lifetime of cathode 1, high
temporature levels lead Lo vapld low work function de-
pletior and shoriened lifetime, For cathode 2, with the
radiztion fin, emission current levels of 15 amps geem
to have sufficiertly low temperatures (280° © at the tip,
550° C 1.9 em from the tip) lo assure prolonged life-
time.

Imviremnated Inserts

GRS

A test was staried with an Imupregputed insert. in
cathode 3, @ configuration identieal to epthode 2. The




ingert {2, 82 Ly 0, 548 by 0. 25 em) was alzo recessed
from the enthode Up 0, 95 em and electrically atiached to
the eathode with 6, 51 mm (20 mIl) Ta wive, This cath-
ode 3 was part of a cathode-isolator vaporizer Lest that
fs degerthed in more delnil in Bell 10, To initiate a
discanrge npproxtmotely 95 watts was applied Lo the tip
heater, Once a discharge wag oblained the tp healey
was turned off, The discharge was kept in the spol mode
at sen equivalent mass flow 140 mA md (o the frst 2100
hours the collector current was held at 12 amps. The
keoper current was set at 500 mA throughow the test.

A plol of the keeper and eollecior vollages as o funclion
of time are shown in fipure 7. To see if a lower collec-
e current had an adverse cffeet on eathode lifetime the
current wis redueed nt 3000 hours to 7 amps omission
for the nexst 1000 hours, This did not lead to my degri-
dotion trond, At 4000 hours the emigsion current was
raisaed 1o 10 amps. At 5500 hours the emission current
level was raised to 10,0 amps (In line with the EMT
emission current level at full thrustor), ) At 5500
hours the experiment wag shut down for 2 months dee o
facility Umitatlons sl the C-TV assembly was exposed
Lo 1 atmosphere (sumimer of '75).  As ean be seen from
the fipure, this exposure and storage did nol, aifect the
perfornumee level or lifetime.,  This cathode 3 coni{gu-
ration has beon restaried 45 times at o tip lemperature
ot approximately 1025° €, The original fame sprayed
tip hemter [ailed at 8350 hours and a new swaged heater,
placed parallel to the lube axis, was Installed and al-
tained an Initinl startup tip tempersture of 1025° C, Al-
though nol shown on lipure 7. the tip temperature during
operation was avaund 960° €, a litle higher than that of
cathode 2, However, because of different thermal cnvi-
romment confipurations, it is diiffeult {o aecount for
temperature differences hetween an impremated and
rolled fofl insert cithode., The keeper voltages, which
cun be compered (similar keeper and keeper distanees)
were approximately the samo (~10 V).

As shown In Hgure 7, there was little or no discern-
ible change in keeper voltage at a given emission current
tovel, This eathode 3 has operated for # total of 18 000
liours {as of August 19763, is still running, and shows no
signs of changing performance level,

An impregnated insert (2, 54-em long, 0, 55-cm o, d,,

0. 25-cm i, d,) was'placed in cathode 4 and was recessed
1. 25 om from thé tip, The neutralizer-type cathode
with a 0. 40-mm diameter orifice was run in a bell jor at
2 amps emission eurrent to o collector and 680 mA to
the keeper. Shown in [fpgure 8 1s a plot of keeper and
collector voltages, and tip and cathode (hehind heater)
temperatures as o function of time, The test operated
for 15 000 hours ut nearly constant keeper/eollector
voltages and tip temperatures, At 14 080 hours a fnell-
ity pressure rise caused u small erack in the cathode tip

aned dhe lest was terminated 920 hours later,  The eith-
ode wius run with the insert recessed o the flrst 1600
hours,  Unusuadly high keeper and colleetor voltages (19
and 19,5 V, vespeetively) were associnled with the re-
cessed Linpregonted ingert,  These voltage levels led to
hiess tip amd eathode fube temperstures, i was decided
ab 1600 hours o move the mserl up Lo the tip o mensure
Lthe effect of insert position on keeper and eolleetor volt-
apges and tempernture levels, This move resulied in de-
ereises I the bascline keeper and colleclor vollages to
14 and 156 volis, respectively (Hy, 8. ‘The drop n voll-
age levels reduced the Lip temperature ind calhode tem-
perature behing the 0, 95-cm swaged hepter Lo £50% and
550° @, respectively (ita read at 2000 hr), The base-
line keeper aud eollector voltnges for the Impremaled
insert logated at the tip of eathode | are the same as thal
for the 1, 27-em recessed rolled foll ingert neutraliver
reported in Ref. B, (Sce fig, & of Ref. 3,) 'Fhis probh-
ably meuns that the wite of fow worlk function material
dispensalion for the twe different eathode configuralions
are similar. Cathode 4 was run for a total of 15 000
hours and survived a totad of nine neilily {uilsres.
Points-in-lime at which the [aeflity falled nre indicnted
by an X on Hpure &,

After a [aeility [ailure there was o change in keeper
and colleclor voltage levels, However, cven aller nine
fuellity failures the keeper and colleclor voltages at
15 000 hours were the same as at 10 000 hours running
time, At 14 0580 hours a blown fuse in the power panel
{another frellity fuilure) allowed the hot cuthode to he
exposed to o fow mierons of pressure. Subsequently, it
was observed that to keep the cathode in the spot mode
an incredase In mass flow wis necessnry, A erack had
developed in the side of the cathode at o point where {lie
cathode lip wes clectron beam welded to the eathode,
Upon removal of the cathode at 15 000 hours this crack
was ¢leavly visible and is shown In figure 9, The test
was terminated at 15 300 hours. It is felt that the expo-
sure of the hot cathodeé to o few microns of pressure
cansed the erack,

The suceess of reutr=lizer cathode 4 and the thrus-
ter performance pepalty asvociated with a recessed im-
pregmated inscrt(B led o a1 deeision te 2i5e test cathode §,
a main eathode, with a flush inserl. Cathode 5 was oper-
ated Lhe Lrst 70 hours for comparative purposes with the
ingert recessed, to obtain veliago and temperature lovels
at the reeessed inscrt position. At 70 hours the insert
was moved flush to the tp. Shown in figure 10 is a plot
of cathode 5 keeper and collector voltage, tip tempera-
ture, and eathode temperdture hehind the heater as a
function of Mg mass Hlow foi* the two Insert positions at a
keeper eurrvent of 500 mA and collector current of 10,6
amps, The radiation fin in an EMT cathode does not
have a collar and hende has less radiating area than that




of eithodes 2 and 4. Thus, ol the same emission cur-

rent levels, cathode 5, with o vecessed ingert 0,63 cm
from the tp, ran ot a higher tip temperature thap enth-
ode 2 or § {compare figs, 6 and 10),

From [gure 10 it can be scen thal the recessed in-
sert inerenses hoth keoper and eollector voltages, Lip
anel enthode temperatures at all mass Oow eatos, This
behavior was similar to that observed in a thruster, ()
Temperatares of the tip and cathode tubo for both insert
posilions were nearly indepéndent of mase fow rte as
it was wirled Crom 130 Lo 280 mA,  Moving the Insert up
to the lip, beside causing reductions in keeper and col-
leelor voltuge, diso reduces the eathode lemperslure
levels,  Flgure 11 shows the fempe. sture distribution
profite of cathode § with two [nsert positions at an
cquivalent mass flow of L0 mA,  Aloving the inseri to
the tip caused a drop in temperature of 15079 C at the tip
and at the €-A thermoeouple {bohind the heater) of ap-
proximately 3059 €, As of July 31, 1978 cathode 5 hay
operaled for 3000 hours at an erission current of 10,6
swmps and has exhibited no degeadation trends.

Tuserr Temperature Measurement

As discussed proviowsly, the {hvuster performance
Is Improved with an impregnated insert locsted at the
tip, Moving the Insert up to the Lip, as in cathode 5, did
cause a drop in the enthode tip temperature,  However,
the actual inzert temperature change wes nol mensured,
To measure {he insert temperature and evaluate its life-
time potential, an {dentieal insert and enthode similar Lo
cothode § was used, As shown In the sketch of cathode 6
in figure 12, a hole (0, 15 cm) was drilled I the side of
the eathode tube 0, 23 em [rom the tip upstream fee,
A Pt-PiRh thermoeouple was spot woelded to the outside
surface of the insert. Al;Oy bewding prevented the
thermocouple from shorting or rending the tube wall
temperatures, The ingert wies placed at the tube tip and
was cleetrieally connceted o the tube. Thermocouples
were also placed on the tip and behind the tip heater,
During preheat IE was necessary Lo take the tip tempera-
ture to 1000° C-wilh u corresponding insert temperature
of 1030° C to inltiate a discharge. After o discharge
{d, = 10.6 A, dy, = 500 mA) was initiated and the tip
heater power turned off, the temperature profile shown
by the apen symbols was obtained.  As shown b;."v the dpen
symbols, the tip ran af 940Y C while the insert ran hot-
ter, at 10609 C,

The hole tn the cathode fox the insert thermocouple
wis senled and the insert was recessed 0. 63 em from
the tip, A new hole was drilled 0, 86 ¢m {rom the tip
and the tip heater and CA thermocouple moved liack
0, 63 cm and the insert thermocouple reattached, The
thermal nrofile for this configuration is shown by the
solid symbals of Higure 12 mnd indieates that the eathode
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tp temperature and e temperature bobind the heater
are hotler than corresponding cuthode temperntures with
the ingert at the Up, Both of these externdl Liermotor-
ple rendings are consisient with those of enthode 5,
shown {g {igure 11, Wilh e Ingert recegsed 0, 63 em
the insert temporuture [1500 C} runs cooler than the Up
temperature {1 120° €), even Wough the eatlivde tube
temperotures partinlly surrownding the Inserl are
wariner tan the insert, ‘Thus, for the lnsert position
gelected an impregnalod insert ran coolor (--:HU" Cj
than one loeated al the tip.  Bul, with the insert 8t the
tip, this relutively high insert temperalure, does not ap-
prar 1o be too high {o lmpose a litstime constraint during
eathode operation of 15 600 hours, This will be shown in
the next section,

The tempersture trends indiented by cathode G svem
to shed some light on the predominant gource of the
emission mechnnism nvolved in sustabuiug o discharge
current.,  With the Insesrt recessed from the Hp, it would
nppear that the amount of available low work [unction
material at the tp was Hmdted and enused a higher dls-
charge voltage, Higher tp tempoeratures were necessary
to supply the electrons needed to sustain the dlscharge,
Moving the insert apninst the tip allowed the eathode o
run cooler {lower keeper and eollectoy voltage, see
fig, 10y since pow the large source of low work function
material available [rom the insert Is being used to sus-
tain the discharge. With the Inscrt apgainst the tip the
source of elegtrons appenrs to belhe insert, more so
than the cathode, and these clecivons cause o loeal In-
erease in plasma density, o higher rate of surface fon
hombardment, and an incrense In ingert temperature,

Theoreteal Lifetime of Hollow Cuthode Inserts

This section of the paper will describe the theory of
hollow cathode Insert operation ond the fnctors that might
control its Ufetime, The insert types discussed are
R-500-coated tantalum 1ot 7} and hartum-atuminate-
impregnated porous Lungsten(l'l) {Semicon, type 84-5).
The first part of the discussion will cover arcas that
apply to ench type of meert, thens each insert type will be
discussed individually in detail,

The insert, when heated, underpoes a chemical re-
aetion and prodoces barium or barfum oxide vapor,
This vapor is dispensed to the insert surface and other
interfor surfaces of the hollow cathode, Reference 12
inflieates that for good cathode operation,” emission
should ovcur from the insert as well as from the cathode
tip. The dispensed barium is absorhed by the surfaces,
thus reducing the electron work function and erhancing
surface electron emigsion. As the absorbed barium iz-
constantly being lost from the surface by reevaporation
and jon bombardment, it must continually be replaced by
the bariwm dispensing insert.  The end-of-1ife {(EOL) of




the insert is defined as the point where the dispensed
barium (added to the activated surface) is less than the
A fully acti-
vated surface is generally llmught“"' to contain a com-
plete monolayer coverage of barium atoms or ¢ = 1,0,
where o is the monolayer fraction of barium, Suffi-
cient activation of the surface to produce satisfactory

barium lost from the activated surface,

electron emission may exist at values of ¢ as low as
0.4,

If an insert is operated at temperateres that are too
high, excess parium s dispensed, ¢ s greater than 1,0
and the excess quickly evaporates from the cathode sur-
faces, Since the total ameunt of barium in the insert s
fixed, high insert temperatures wiil lead to carly ex-
haustion of barium and short eathode lifetimes, If an
insert is operated at temperatures that are too low. in-
sufficient barium is dispensed to replace that lost by
surface evaporation or fon bombardment, and the sur-
[ace becomes insufficiently activated to provide adequate
emission, The sketches below indicate the rate of bari-
um dispensed with time for optimum, high, and low in-
sert temperature lovels,  In each case, the cathode sur-
face is assumed at the same temperature level, and thus
the same nmount of barium is needed to replace that lost
by evaporation,

The integral area under each curve represents the
total barium dispensed by the insert and is assumed the
same for each sketch,

/~ Some excess
evaporated, m,

) Needed to main-
tain surface
activation, m;

Ba dispensed rate
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Time
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as (a)

EOL
Time

(b) Temperature too high,

3
"
-
-—§' ~ Unuscd Ba remain-
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Time
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The optimum temperature of each insert depends
upon its design (cheice of chemieal reaction to produce
barium) and the desired activation state of the cathode
(level of required emission), Figure 135 indicates the
optimum insert temperature to achieve maximum life
for each insert type.
ature, the insert is too cool and unused barium remains
Curve (1)

To the left of the optimum temper-

in the insert at EOL (as shown bv sketeh (e)),
of figure 13 is an ideal inse~t litetime and is based on
the assumptions that there is no excess rate of barium
dispersed from the insert, or is there any barium re-
maining in the insert at EOL,
equivalent to the sketch below:

These assumptions arc

Needed to maintain

-

B ~Rate  fitemp)  surfaceat ¢ 0,4 -

- p—t \

z ok

g \

_E.:.. Area of total \

= barium in insenrt

g i
EOL

Time —s=

(d) Ideal insert,

From zurve (2) of figure 13 (impregmated insert curve)
the maximuam lifetim? of near 100 000 hours is predicted
at 950° C,
required, however, the insert operating temperaiure
may be in the range of 580° to 1100° €. The assump-
tions involved in calculating the impregnated insert
curve of figure 13 are: (1) the minimam loss rate of
barium 2quals the rate evaporating to vacuum ‘rom the
insert surface when covered with 0, 4 fraction m:nolaver
barium, (13) {2) the rate of barium production as a func-

If a working lifetim2 of only 30 000 hours is

tion of temperature and reaction (operating) time is

given by the data of Ref, 14; and (3) the barium vapor,
once evaporated from the surface, does not return, The
figure 12 curve for the R-500, rolled-tantalum foil in-
sert is estimated by the authors and is based on a higher
chemical reaction rate of the barium oxide/tantalum re-
action of the foil insert than that of the barium aluminate/
tungsten reaction of the impregnated insert,




For comparisan of figare 18 with conventional {eatk
ode In hard vacuum) eathode operation, Impregmated-
type cathodes Lypleally operate ai 1100 © and pre actl-
vated for perlods less than 1 howr at 20 ¢, 118} ocida
unt!mtluf {L ¢, Tki0 on nleicely operate at 7007 € for long
1fe (10 ) or &00° ¢ for normal hife (m“ hry, and are
Lfefly activatod at 11009 ¢, “Ihe B-500 tantalum fofl
fnaeri desfon condtins o layer of BaO approximalely
10 timvsw thicker thin a ¢onventionn! oxtde eathode,

This hicker layer is necessury to glve an adequale life
whth the higher rate tintalime- Bad resctlon,

Eaeh msert Lype will now he discussed ndividoally
to deseribe In detadl the type of chemical reactions
evolved and fetors which may influence the mite of these
pesctions and henee the lifetipe of the inserd,

Rolled-Foil hsert

The R-500-conted tantalum rolled {oil insert is not
one of the standnrd or convenlional oxide eathodes usu-
ally mamnfactured, (18} It was Invented to meet the re-
quiremants for hollow cathode operation in the SERT {1
(Mgt Lhruster progrant, ) Moy lfe tests have boen
comleied wiih this typz of insert and Hietines up to
20 000 hours have been recorded, (6, 1T pig cathodes
on the two SERT II flight thrusters still [unction normal-
1y 6 years affer launch, The theoxy of operation ol
rolled-{oil inserts has heen divceussed previously, 2
and Uletinw predictions have been made for o lmited
vange of operation,  Estimution of rolled-foil Insert lile-
timas over an extended range of temperature may bo
predicied using the {ollowing reactions:

B0 + 2Tals) = 'I'z1205(5) ~ Bufg) 1 {1)

Ba0is) = BaO(w) 1 (2}

The equilibrium vapor pressure of barjum gas as a [une-
tion 5f resetion temperature for reuctfon (1} is gven in
Ref, 20 and has Leen renlotied in [pguve 11, Also plotted
in figure 14 are vapor pressure curves for eviporstion
of BuO, reaction (2), and other reactions that will be
discussed in the section on Impregnuted Inserts,

Reneotions (1) and (2) are eqguilibrium veactions and
the riate of consumption of the reactants {left side ol ve-
aetion) will be 2ero if the vapor pressure of the gascous
product (ripht side of reaction} is equal to or greater
than the pressure valué of the ourve, The rate of con-
sumption can be estimzted by how Inst the museous
piroduct {5 removed from the reaction, - It can be seen
from Efgure 14 thut for a given tempjerature, resction (1)
will cauge barium to be consumed at a rate that is about
2% ovders of magn"if.u:lc faster than reaction (2), Reac-
tion (1) will dominate early in life when there is physteal
contael befween BaO and Ta.  After initinl reactions,
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however, volds will develop [n the BaO/Tn interlne and
the BaQ must evaparate to reach the Ta Hefore reaction
{1y ean proceed, Therelore, the rate controlling rone-
tion for most of the insert Uletinme wilt bz renction {8 in-
stead of renetion (1), (Nole that the vapor pressure of
Tn is so low (less than 107 : Lory) at tha temppraiarey

of M. 14, that it [s nepligible.) As soon as the cyupo-
rated BaCr resches the Tn gorfaee, reaction (§) will ¢on-
vert it to Ba, and It will be dispensed from the sert,
Equilibrinm liguid-pas Ba vapor pressure I8 lour ordery
of nugniude higher thaon tie vapor pressure of Ba pro-
duged by resction (1),  Therelore, the Ba vopor produeol
by renetion (1) will eseape Mreely exeept for o smadl guan-
ity o a lipghtly adsorhed sorfiee momolayer,

As an example of the wse ol these reactions, con-
sider venclion (2) at 1100° and 1200° C, The vaper
pressure of BaO is approximately 10 thnes greator at
the higher tempersture, the consumption of BiO would
be also 10 4mes greater, and the ingert Hle would he
1410 of that Hietime at the lower lemporature, The
relled-Toil insert design wilt provide {for 15 000-hour
enthode Liethn.s when ugod ot the correet (f, e, 1100° ¢
or less) operating temperature.  The relatlve open de-
sign of the roll fofl and the use of the highly reaztive Ta
ta reduce the Ba0, results in a dispenser cupuble of pro-
ducing relatively Invee quantitics of baviom s 1 o lowsr
temperature than for the impregaoted Inssit desipgn,
‘Thus, for thrusters whose eathodes operate ot cool tem-
peratures, such as the 8-em diameter thruster, () the
relled foil insewt is wa appropriaic cholee, The B0-em
diamoter thruster with warme. r cathodes, bowever, may
have short Insoert lifetimes, as ndicated by eathode 1 In
Table 1, To inercase the ipsert lile, the eathade may be
cooled by adding & radiation cuoling fin and esllur to the
cathode tip, Such a design operated for 16 600 hours
{eathode 2 jn Table 4, The disadvaniage of o cuoling fin
on the tip s that inereased hesler power 8 then vagqulred
to bring the cathode up to starting temperature, Healer
lifeline beromss a problem, and there is inereased de-
mand on the thruster power progessing,  Larger desigs
morgin prebubly ean be achicved i an insert with a lower
Ba reaction rate is used, Such an {nsort is the impreg-
nated type discussed next,

AImpregnated ngert

The porous-tungsten impenpmated insert (type 54-5)
tested and theoretieally deseribed hevein, opzrates in
general as dozg the rolled-foil Insert, The major dif-
ferences are in the physieal construction und in the
chemieal reuctiané used to produce bartum.  Scveral re-
actions belween the barium aluménate impregaate and the
porous tungsten of type 84-8 material ave possible, (21)
The most lkely reactiun(m) is:




2BayALO4(S) + W(S) 2 BaWO,(S) + 2Baal,0,(5) + 3Balp)
(3}

The equilibrfum vapor pressure for reaction {3} ns a
function of temperature is plotted on figure 14, If reac~
tion () wore the only reaction that {ukes place, it is seen
that only half of the barjum aluminate (Ba,Al,Og) put in
the insert can be converted to free Ba and be wscful for
activation of the cathode, The other half remains in the
insert as BaWO, and BaAl,0, and is unavailable to pro-
duce frce barium, Heeause of other possible reactions
and speeific operating temperatures or conditlons, cath-
otes or inserts made of impregnated porous tungsten
may be capable of dispensing between 173 and 2/0 {ruc-
tion of total barium impregnated, (4,21 4, addition,
operating inserts do not emit a constant dispensed rato
of barium with time as might be implied from reaction
(*h, but rather emit a high initial rate followed by a time
decaying vate as shown earlier in sketeh {2), 1 2 seale
is shown on the sketch becouse the magnitude of the dis-
pensed rate is dependent on the operating temperature
level, The EOL occurs when the integrated aven under
the curve equals the total barium availuble.

A modol to represent the dispensing of barlun with
time enn be described with the help of sketch (e) which
is a cross section through a porous tungsten impregnated
insert,

my

\&;+T+e

Insert
surface

Pockets ,

contalning = Interconnocting

barium pores in porous
tungsten

aluminate <4

Sketch {e)

Reaction {3) proceeds in the potkets containing
barium aluminate, Barium vapor is produccd locally at
a pressure predicted as a function of temperature by
curve 3 of figure 14. The local barium vapor must flow
through the pores hefote reaching the suffzec. This
flow results in a pressure or concentration drop which
increases with time hecause the barium must flow from
deeper within the porous material as the barium alumi-
nate near the surface becomes depleted, This depletion
causcs the 'dispensed barium rate to docrease with time
for 4 constant temperature,

Because barium has a high vapor pressure relative

to the cquilibrium barium pressure of veaction (1), any
excess burium aver one monokayer at the surfuee with
evaporate quickly (represonted by ';‘2 In sketeh (a) or
{©)). In addition to any excess barium evaporation,
there is also barium evaporation [rom the hariwm mono-
layer, This Darfum loss |s represented by rhl and js a
function of temperature, 'The evaporation of bariunm
from a monolayor hus been determined Lo be a funetion
of the monolayer fraction coverage, (D he EOL of the
Insert occurs whon the dispensed rate falls bolow )
ovaporited from that surlace needed 1o sustaln satisfac-
tory activation or emission, Ba vapor, ".‘.'1- reflocted
from nearhy walls, may add Ba to the surface and extond
the insert life, The elfeel of reflected Ba vapor on In-
gert life will be discussed liter,

In this paragraph, inscvt dispensing rates into vac-
uum will be computoed for various operating temperatures
between 1060 and 1227° € using mensured datu of
Ref, 14, The vacuum dispenscd rate s presented as
vapor pressure of barjum (leaving the insert surfoce) as
a function of operating time and Is plotted in figure 15
for four temperatures, The EOL bars at the ond of cach
curve were caleulated by integrating the total barium
dispensed nnd comparing this value with the amount of
barium aluminate in the 30-cm EMT design impregnated
insert, The EOL was the point whoen the integrated dis-
pensed value equalled one-half of the fotal barium im-
pregnated, ‘The half value was caleulated from measured
mass of impregnate and was @, 0103 gm per em” of in-
sert surface aren. (The mass of barium aluminate im-

- premate was 0, 22 gm and the insert surface ares, 7,50

em?,)

As indieated In figure 15, higher operating temper-
atures produce more barium, but shorter lifetime, us
indieated by the EOL bars at the right-end of the curves,
The EOL ranged from about 10 hours at 1050° € to only
107 hours at 1300° C. (The datn of Ref, 14 was extended
to longer operating times by plotting the log of the eyvap-
oration rate (vapor pressure) against the log of time and.
making an extrapolaifon of the curve, The data of fig-
ure 5 in Ref, 14 was extended to 1300° C by a linear ex-
trapolation of lower temperature data.) Comparing the
computed evaporation rates of fipure 15 with the theoret-
ical vapor pressure of reaction (3), Shows that reaction
(3) gives a higher vapor pressure than fipure 15 and that
the difference magnitude inereases with time In aceord
with the depletion model presented earlier,

In order tn relate the Bi vapor pressure values of
figure 15 with Ba loss rates from Ba~monolayer covered
surfaces, figure 16 was prepared Figure 16 is 2 cross-
plot of figure 15 and also includes curves for Ba evapoe-
ration*® from Ba surfaces with 6=0.4 and 0 = 1.0,

In addition, reaetion (3) from fipure 11 is replotted so
that three Ba rates can be compared together. Because



the Bi dispensed eate deereased with Hnw.(H) il pensed
rale elrves are shown for varfous {fme jntervals, A
well-setivated surface! 19 has Ba eovernpge botwaen

B 0,4 and §= 1,0, although emission below #= 0,4
s posaible,  Ba in exeess of ope monolayer, 0% L6,
guiekly pvaporates at it8 noermal vapor pressure which
is elght ovders of magnilude grester thon that lenving o
surfnee with o« 1,0, [t ¢tn be seen from Hgure 16,
that there is geldom enough harium produced to ebtaln
complole surfvee coversge (= 1) and the best net{vation
gtate.  Alse, the value of & will decrease with Hme at
constant lemperature,

The next step s to compare the dispensed rate of
bavium with foss rates (rom eathede surfaces ib the ag-
taal envivenment of the cathode geometry, I prior see-
tions tie rtes wore discussed lor loss direetly to vne-
uum, ar. s rate probubly vepresents o high Hmit of
the loss rate and henes o pessimistie {shor®) insert life-
thne, In the actual environment, the confintng geometry
of the enthode tube will tend to reficet Ba vapor buck to
the Insert surface, This reflected Ba vapor will couse
a higher equilibrium concentration of Ba, both on the
gurfaee and nto the poves, The bhoneficial effect of this
refleeted Ba could be two-lold, First, (e surface will
reach a higher state of activation due to the increased
Ba concentration, and the cathode operating temperature
e be Jower and still give the sume emission, Sceondly,
any B vapor traveling back into the pores will tend to
ralse the loeal Ba vapor pressure. This increase in the
pores ot the site of reaction {33 will shift the equiltbrium
o the left and result In g slower rate of consumption of
{he barium aluminate impregnant.  Both thne cifect wnd
the first will lead to longer fnsert Hetimes,

To guantity’ ively estimatc the incrense in Insert
lifetime requires the development of a Ba-flow model
thut estimates how the Ba vaper §s veflected and where
it 18 eventually losl, An optimistic {low) limit for Ba
loss would be that Ba lost only throuph the catlinde orl-
fice. ‘The pessimistio limit would be the vocuum loss
rate and could oseur [f the Ba vapor coadenses on near-
by vool surfaces aetivg e a "cold-trap, "' In the pres-
ent EM di-em thruster cathode deslgn, the actug, bar-
fum loss is probably between these two limits, The
aulhors believe that most of the baviwn lost travels up-
stretm and possibly condenses pear the vaporizer, 2
resion of abait nwe? ©,

At_:ﬂ)uo C the equiltbrium gas-solid vapor pres-

(18} of Ba is 32107 torr,  If the Ba reevaporates at
this value it would return ot a suelflicient rate (see (g, 16)
to maintain falily high eathode surfave activation, Pre-
dicling if the Ba will recvaporste is vory sensiiive to
temperature and 200°c s g pivotal point, Mueh higher,
that ig, 400° C, gives a Ba vapor pressure of gx10" 8 torr

URIGINAL PAGE 5
F POCR QUALITY

Sure

which repregents o super abundance of Ba, and much
lower, thot g, 2007 C, plves uxkﬂ"ﬂ tare, which repre-
vents insfgnilleant suonoont of Ba, (H the Ba ean be pre-
vented from permantly ¢ondensing, n greatly eebarneed
insert Hfe should rosult, One design to aceomplish this
would incorporate a fluw restricton ballledopifiee ingide
the eathode tibe between the isslator und the Insert
where the tempersture Is »u0® C.)

Ever, if no restricting ballle/orvifies o8 In place, the
nutorel geomoelry of the insert Inside the tube and the
Length F the tube Hsel! wiil tend (o vestrict the upsiresm
flow of Bu, ‘The pressure drop pssomuted with this flow
will couse o loeal enfianecment of bartum pressure und i
favorable equilibriung shift in repetion &), Caleolating
the exnet flow condietion pressurs drop Lo the vaporizer
region ks difffenit because of the eathode tube-insart
peometry.  Teo "irst onder” the flow pressure drop witl
he low, however, and the birium loss provesses may be
close Lo vacuum cvaparation if surfoces legs than e ¢
wre present,

Improgiated sert Tomper:sture Megsurements

To prediet Hiellme margin requires moensurements
of actual insevt temperatures and measurements of the
ofleet of cathode gegmetry on loea nerenses in Ba vapor
prassure with its subsequen’ suppression of Insert reac-
tion rates,  Measuremont of the insert lemparaturs fs
diffleult because of the confining size of the cathoce tube
and the presenco of o paseous discharge inside the tabe,
The drta of fpure 12 are an early resull of insert tom-
perature measurements made on o main cathode for in-
zerts recessed and flush with the tp,  The forward
plueed insert operated al 1066° € wiiite n recessed in-
sert operated at only 7507 €. The highor tewpuraiure
5 near the temperature theoretically predicted for max-
tmum lfetime. The recessed impregnated ingert Is at a
low enough temperature that poor chembeal activity will
cause Insufficient barium production for normal opere-
tion,

The vifect of cathode geomelry on inhibiting the loss
rate of bariom may be iferred by the [nspection of the
data of ligure 17 which shows the loss rate [rom an EBI
design imprepnated {nsert measured after hoating fov
1060 hours ot constant temperature., 22) A1s6 shown are
two ealculaled curves, The lower curve prediets the
baritm losg due 20 [low out through the neutralizer size
tip orifice. The higher curve is for a loss rate of
bartuwm to vacuum s if the confining tube walls were ab-
sent, The insert was pluced inside a cathode tube with a
80-em EM design nevivalizer tip (0. 040-em diam ovi-
fiee) on one end and & solid cap on the other, The eapped
end of the tube was climped in o 160° C heat sink block,
Two different Insert/tubes were heated at each tempera-
ture. The messured insert welght loss (presumobly Ba)




fnlls betwoen two eurves,  The data falls closer to the
viiemn evaporation curve indieating that significant
wmowits of bartum evagerated nnd condensod in the area
ot the heat sink ot the earsed end of the tube,  Thiz Met
wus vonfivmed by visun - bservalions of deposits in thig
arig, although guantitotive nalysis verffication was not
completed ot the tme of this welting,  CFhe one low data
polnt ut 100" © is assumed Lo be anonzlous,

The results of these tests indiente that at higher
tempinratures the tube walls mny suppress barinm pro-
duction Ly phoul half,  But gl lowep temperninres, the
production rate Is nol suppressed,  Another [nterprota-
thon s ffiat at the high temperatures, the tefal reaction
of borlwin may be nenving conpletion (one-half of lotal
Bu nvailable for dispensing) and the production rate
shows down,

These dats of figure 17 and o comparizon with -
theoretical insert Hilathme models do confiem thit the
present H0-cm EM design insert is near optiwum, The
insert temperatwre §s adequately hot to dispensce sufti-
cient Ba lor pood eathode performance and e, and yet
not too hot that thé predicied Uletime Is below the
M geo-howr design life,  The Bu loss vale of figure 17
mity be even further redueed if the “heat sink” aren tem-
perature is neprer stetual vaporizoer teimperatire {Boe® ),
and the barfun condensed of the 1507 © temperature,
partinlly rolurns to the ingert pores, The dots of -
ure 17 predict an insort lifotime of 30 000 hours at
1200% ¢ and 16 w00 houys at 1060° €, Conflvmation of
these predietions will require additional insert heating
tests where Ba luss rale {s measured several times (o
esteiilish a tlme-1ate curve that may be extrapolated to
EOL, Aclual lile tests of inserts in operating thrusters
w111 e the findl proof of a design, and a 15 000-hour life
test of a 30-cm EM thmstc:r‘zu) is underway to demon-
strate thruster (and eathode) lifetime,

Conclusions

Lile tests of main enthodes for the 30-cm thruster
indietie no wear for time periods as long as 18 000 hours
at emission current levels up to 12 amps. The orifice of
4 neutrnlizer cathode noronsed slightly over a 15 000~
hour test when run at 2 amps emdssion curvent, This
Inerease in orifice did not affect performance level in a
beil jar test, Thus, tip erosfon is not a lle-limiting
factor fov the cathodes used in 30-em thrusters,

it was shown experimentally that the lifelime ol a
cathode mnd the efficioncy of the generation of plusmi
discharges depend heavily on the rate of dispersion of
low work function material contained in the tnsert, The
efficlency of the generation of 4 plasma discharge im-
proves with elevated ingert temperature, for this in-
creases the rate of dispensation of Ba, On lhe other
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hand, the lifotime In gencral Incressos with lower tome-
perature, down to a limit,  Theoretieal caleuttions were
enrried oul to deseribe the operation of both relled fuli
and Ba impregnated tunpgsten nserts,  These ealewlations
predicted the Hlolinme as a fwetlon of operating lemperi-
ture mmge for ench e, nserd lemperature measure-
ments were made as 4 funcijon of cathede desipn snd
operaling conditions,  On the basis of these inserl tom-
peratiure measurements, Lo theoselical analysis and
thruster performanee datn, 0§ was Telt thag 30-cm
cuthode desipus hove been deseloped which allow suffl-
clent Bletime and ulso lemd to sptisfaetory Uiraster per-
lormance,

A serles of life tests were performed to verify the
approaches used in J0-cm eathode dosipn, A O, 40-mm
orilive cathode with un lmpregnated Insert was duratioi
tested al 2 amps cinjgslon for §5 000 hours wilth nepligl-
ble change in performance. A O, TE-mm oriflee
enthode (3 deseribod In Table | with an tmprogeated
wsert recessed 0,95 em from the tip has been surcegs-
fully enduranee tesled for 13 000 hours ol surrent levels
up 10 12 amps emission with Hitle or no change in base-
Une keepeyr voltage oy othey performanee level.
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TABLE I, ~ SUMMARY OF CATHODE CONFIGURATIONS TESTED

Ingert dimensions

2, 64~ by 16, 2-cm

2. 94- by 15, 2-om

2, 4~cm long by
0, §4-em a.d,
by 0, 25-cm f, d.

2, 5i-cm long by
0, 54-cm o, d.
by 0, 2i~cm |, d,

2, 64~ em lony, by
0, 54-cm o, d,
by 0, 88-em 1. d,

2, b4-om long by
0, 54=-cm o.d,
by 0, 38-cm i, d,

Insert position Radistion  Total run
distance recesged fin diameter hours
from tip,
em,
0.96 None 1 460
.05 1.76-cm fin 10 600
+0, -am
long collny
.95 1,75-cm [in 18 000
+0,8-em  {still
long collar  running)
(1) 1,27 (<1600 hr) None 15 000
(k) AL tip (>1600 hr)
() 0,636 (<70 hr} 1,76 em =3 100
fh} At tip (>70 hr)
o) 0,635 1,76 em Short test

(b At tip

TABLE I - OFERATING CONDITIONS OF CATHODES TESTED

Cathode  Orifice Type of Ingort
number dinweler,
mm
1 0,76 Rolled fofl
coated with
. R-51M0
2 .76 Tolled fofl
eoated with
y R-500
3 ) Impregnated
4 .40 Impregnated
5 Impregated
. 4} .76 Imprepgnated
£
Tiw
1
b,
Cathode  Prazheat tip Mass
number power, flow,
W mA
1 34 170
2 80 (Initially)
60 170
K] 95 (Initially)
79 140
. 4 54 {60~ 80}
5 64 140
6 90 146

PRECEDING PAGE BLANK NOT ¥}

Number Koeeper  Emission

of current, current, )

restarts mA RInps Behind tip heater

9 300 12 1080

a0 300 12 825

48 500 Varied —

(12, 12,2,
7,10,10.6)

38 5E0 2 B715
(<1600 hr)

580
g ] HH 0.6 (n) 825 {insart
recessed)
(b 310 (lnsert
at tip)

10 600 10,6 {ay 735 thoater,
and insert
recessed)

{b) 520 {insert
at tip)
ORIGIN PAGE I8
OF Poop

Cathode temperatures, °¢

face of tip

1460

925

960

1150
(<1600 Lt}
820

1120 (insert
recessed)

450 (insert
at tip)

1120 {re-
vessed
insoert)

g40 {insert
at 4ip)
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Figure 1. - Cathode configuration for 0,76 mm orifice cathodes.

Figure 2. - Photomicrograph of cathode 2 after
10600 hours at 12 amps.
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Figure 3. - Neutralizer cathicde orifice diameter as a function
of time for cathode 4 run at 2 amps emission current,
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Figure 4. - Collector and keeper voltages as a function of
time for cathode 1.
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Figure 5. - Keeper and collector voltage as a func-
tion of time for cathode 2.
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Figure 6. - Temperature as a function of emission current for
catiodes 1 and 2
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Figure 8. - Keeper and collector woltage, tip and cathode tem-
perature for cathode 4 as a function of time.
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Figure 11. - Plot of temperature profile of cathode 5
at a equivalent Hg mass flow of 140 mA and no tip
heaters on.
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Figure 12. - Temperature profile of cathode 6 and
insert temperature.
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= " EVAPORATION RATE FROM
o= A 0.4 FRACTION Ba MONO-
LAYER (8 = 0.4) (REF. 13)
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% o S
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Figure 13. - Estimated cathode insert lifetimes as frinction
of temperatures.

Ba(£) ~ Ba(g) 4

-2
-4
)
-6__ -
_~""8=0.4
Bl "\ Bafs) ~ Ba(g)}
BagAl,0¢ +W —~ BaWOy + BaAl04 + Ba(g) ¢
-10 | | I | | J

700 800 90 1000 1100 1200 1300
TEMPERATURE, 9C

Figure 14. - Vapor pressure of Ba or Ba0 produced by var-
ious reactions and temperatures. (8 is monclayer frac-
tion of Ba on surface. )
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BARIUM LOSS AFTCR 1000 HOURS, GM
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Figure 17. - Impregnated insert weight loss after
1000 hours in heated cathode tube.

NASA-Lewis





